One contribution of 15 to a theme issue 'Self-organization in cell biology'. Cell migration is driven by propulsive forces derived from polymerizing actin that pushes and extends the plasma membrane. The underlying actin network is constantly undergoing adaptation to new mechano-chemical environments and intracellular conditions. As such, mechanisms that regulate actin dynamics inherently contain multiple feedback loops and redundant pathways. Given the highly adaptable nature of such a system, studies that use only perturbation experiments (e.g. knockdowns, overexpression, pharmacological activation/inhibition, etc.) are challenged by the nonlinearity and redundancy of the pathway. In these pathway configurations, perturbation experiments at best describe the function(s) of a molecular component in an adapting (e.g. acutely drug-treated) or fully adapted (e.g. permanent gene silenced) cell system, where the targeted component now resides in a nonnative equilibrium. Here, we propose how quantitative live-cell imaging and analysis of constitutive fluctuations of molecular activities can overcome these limitations. We highlight emerging actin filament barbed-end biology as a prime example of a complex, nonlinear molecular process that requires a fluctuation analytic approach, especially in an unperturbed cellular system, to decipher functional interactions of barbed-end regulators, actin polymerization and membrane protrusion.
Introduction
Migrating cells are polarized and extend membrane protrusions, including lamellipodia and filopodia, that are generated through dynamic actin polymerization and remodelling events [1] [2] [3] [4] . During this process monomeric, globular actin (G-actin) polymerizes into diverse actin filament (F-actin) networks with distinct sub-functions. Therefore, the architecture, size, location and density of actin networks at a given time in a cell are tightly controlled (figure 1a). The dynamics of formation and turnover of these networks, mostly organized into arrays of linear filaments with various degrees of bundling or branching, are governed by a plethora of actin-binding proteins (ABPs) that individually and cooperatively contribute to the network architecture. Moreover, it is becoming apparent that structurally distinct actin networks compete for a common pool of polymerizable actin [6] [7] [8] [9] . However, the molecular mechanism by which cells maintain a distinct network architecture and homeostasis of polymerizable actin pool is not fully understood [10] [11] [12] . Acquiring this understanding is important, as the concentration of polymerizable actin determines F-actin growth, which translates into actin-based cellular processes, including cell protrusion and migration [11, 12] . Here, we propose how microscopy-based fluctuation analysis of molecular components embedded in highly redundant systems will help elucidate the hierarchy of ABPs in a perturbation-free cellular system.
Internetwork crosstalk and actin network (re)arrangements
G-actin polymerizes spontaneously in vitro into polarized filaments with a fast-growing barbed end and a slow-growing pointed end [13, 14] . Filaments are generated from an actin seed or nucleus of three G-actin monomers. However, the formation of a nucleus is thermodynamically unstable and rate limiting. Moreover, cellular actin (70-150 mM in non-muscle mammalian cells) is bound to profilin (20-100 mM) or actin-sequestering protein b-thymosin (100-500 mM), which ensures a low steady-state G-actin concentration to prevent spontaneous nucleus formation [9, [15] [16] [17] [18] . To overcome this rate-limiting nucleation step, cells contain several classes of actin nucleators to initiate and catalyse F-actin polymerization [13, 14, 19] . Major classes of actin nucleators include the Arp2/3 complex, members of the formin family, and proteins that contain tandem repeats of WASP-Homology 2 domains (WH2). Growth of nucleated filaments is accelerated by processive elongation factors such as Ena/VASP, and again, formins. For an extensive overview of actin nucleators, nucleation-promoting factors, elongation factors and their regulation by extracellular signals, we refer the reader to excellent reviews written by our colleagues [19] [20] [21] [22] .
In addition to the regulation of filament nucleation and growth, a mechanism is required to constantly exchange or replenish the pool of polymerizable actin. Two models of actin homeostatic mechanisms have been proposed: a global treadmilling model and an internetwork competition model [11, 12] .
The global treadmilling model proposed by Carlier & Shekhar emphasizes competition between regulators at filament barbed ends as the key factor to dictate network geometry. They further assume that the various networks are in a 'dynamic' steady state with coordinated filament turnover and monomer exchange between the filaments. Importantly, they regard profilin-bound actin as the nonexhaustible, steady-state pool of polymerizable actin that is replenished by filament disassembly through mainly the actin depolymerizing factor (ADF)/cofilin family of proteins. Depletion of the pool is blocked by capping of growing barbed ends [3, 11, 13, 14, [23] [24] [25] [26] [27] [28] [29] [30] [31] .
The internetwork competition model of Suarez & Kovar hypothesizes that distinct F-actin networks (i.e. bundled versus branched in a simplified scheme) compete for polymerizable actin from a common finite pool and exchange G-actin between networks [12] . For example, in fission yeast, which has a simplified F-actin network consisting of only branched, [50] Mendoza et al. [49] Lee et al. [5] Ponti et al. [51] Machacek et al. [46] Ji et al. [48] Lee et al. [5] (b) (a) Figure 1 . Actin dynamics at the cell leading edge. (a) Actin network at the cell leading edge. Actin networks at the cell edge are organized into two kinetically, kinematically, molecularly and functionally distinct polymer structures, termed the lamellipodium (Lp) and lamella (Lm). Lp consists of a dense network of branched actin with high polymerization rate and high density of barbed ends. Lm consists of more straight filaments in a less dense array. Thus, the density of barbed ends tends to be lower. Lp and Lm are tightly coordinated. Thus, their filament arrays may not always be clearly delineated. In particular, Lm filaments can reach all the way to the leading edge. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170110 bundled or cytokinetic actin rings, inhibition of Arp2/3 complex-mediated branched network polymerization enhanced the bundled network, which was attributed to increased formin activity, and vice versa: inhibition of formin activity and loss of the bundled network enhanced the Arp2/3 complex-mediated branched network [7, 32, 33] . Suarez & Kovar further highlight that a similar mechanism may be at play in mammalian systems, and refer to studies that show increases in filopodia counts, resulting from inhibition of branched network assembly [12] . However, this may not necessarily be the result of enhanced polymerization in filopodia, but rather collapse of the branched network and exposure of pre-existing filopodia precursors embedded within the lamellipodium [34, 35] . Rather, depletion of capping proteins (CPs) was shown to increase global and filopodial F-actin intensity in mammalian systems [36] . In support of the internetwork competition model, we have recently shown a competitive network interaction in control of cell polarization between myosin II-dependent cortical actomyosin bundles and Arp2/3-dependent branched networks [8] .
Limitations of perturbation-based experiments in cellular process with redundant network circuitries
Both the global treadmilling and internetwork competition models are based on results obtained from cell biological experiments with long-term genetic perturbations and isolated biochemical experiments in vitro. During cellular processes like membrane protrusion, the actin networks constantly adapt to changing mechano-chemical and intracellular signalling environments. How the dynamics between the networks is coordinated in such a scenario has remained largely unknown. Addressing this question is significantly complicated by the redundancy and feedback between actin regulatory components [1] . Such a pathway system tends to rapidly reconfigure itself under perturbation of a particular pathway component. Long-term genetic perturbation will affect the global steady state of the system, which is significantly shifted from the steady state of the unperturbed native system; and even acute perturbations such as pharmacological interventions or optogenetics change the stoichiometry among regulators with partially overlapping functions, which may also have severe instantaneous adaptation. As a result, the outcomes of perturbation experiments are very difficult to interpret. In particular, they do not allow conclusions as to the function of the perturbed target component in the unperturbed system. For example, at both the functional and structural level, the lamellipodium and the Arp2/3 complex-dependent dendritic actin network therein have always been considered crucial for cell migration. Concomitantly, the Arp2/3 complex has been contemplated as the master regulator of cell migration and lamellipodium formation [37] . However, recent studies have demonstrated that cells lacking the Arp2/3 complex or a lamellipodium are still capable of migration [38] [39] [40] . This indicates the redundancy of the migratory system and the existence of Arp2/3 complex-independent F-actin polymerization pathways [41, 42] . Similarly, pharmacological inhibition of formins by SMIFH2 revealed that cells exhibited dynamic and alternating cytoskeletal rearrangements and migration velocities over time [43] .
While we do not question the power of biochemical experiments and molecular genetics to identify and probe major molecular nodes within a system, we want to point out the limitations of drawing conclusions from perturbed cellular systems that may have undergone adaptation(s). Therefore, we have previously proposed the usage of microscopy-based fluctuation studies in unperturbed systems as a complementary approach to establish causal relations among molecular processes in highly redundant regulatory networks [44] . We have demonstrated how such fluctuation studies in minimally perturbed systems coupled with computer-vision analysis and a rigorous statistical framework provide insight into complex signalling pathways [5, 45, 46] . Notably, we introduced fluorescent fusions to several ABPs, including actin nucleators mDia1 and Arp3, at very low levels into cells to minimally perturb the system, and followed their dynamic fluctuations over time. After fine-grained registration of the intensity fluctuations relative to local motion events, such as protrusion or retraction onset, or time point of maximal edge advancement, we could extract from very noisy signals the sequential recruitment of ABPs during a protrusion-retraction cycle. We found that with the exception of the formin family member mDia1 all other imaged nucleators, and especially the Arp2/3 complex, were recruited to the growing actin network only after protrusion onset [5] . We interpreted this result as mDia1 being the nucleator of filament polymerization that induces protrusion, whereas the Arp2/3 complex and other nucleators and elongation factors reinforce the polymerization of the growing actin networks against increasing boundary forces of the plasma membrane that are likely resulting from mechanical stretch of the cell edge during protrusion. The proposed functional hierarchy of mDia1-mediated polymerization first and Arp2/3 complex-mediated polymerization second was then validated by co-imaging of mDia1 recruitment and actin assembly. While mDia1 recruitment correlated strongly and with a slightly negative time lag to actin assembly, i.e. mDia1 recruitment precedes actin assembly before protrusion onset, the correlation disappeared during cell edge advancement, indicating that during this phase of the protrusion-retraction cycle other factors drive actin polymerization. A similar cooperation between mDia1 and the Arp2/3 complex was demonstrated [47] using protrusion events in response to stimulation of cells by epidermal growth factor. The study also suggested that the Arp2/3 complex, once activated by mDia1-nucleated filaments, enriches at the tips of expanding lamellipodia, which drives the protrusive actin polymerization. By contrast, mDia1 lagged behind at the base of the lamellipodia, and likely does not contribute to the expansion of the lamellipodia. Thus, both studies independently concluded that mDia1 is an activator of actin filament polymerization prior to Arp2/3 complex recruitment, using completely different experimental approaches: the former study derived the functional hierarchy from signal fluctuation and image registration in a minimally perturbed system, while the latter study used biochemical reconstitution and long-term genetic perturbations in cell lines. We speculate that, in this particular case, the two studies converged in their conclusions, because mDia1-mediated filament polymerization acts upstream of Arp2/3 complex-mediated polymerization without redundancy to another nucleator, and without feedback. Thus, knockdown of mDia1 generated a defect in actin network growth that could unambiguously be interpreted as mDia1-activation residing at the top of the event cascade. figure 1b) . We have shown that nascent adhesions and accumulation of mDia1 precede membrane protrusion, initiating the polymerization and growth of linear actin filaments (figure 1b, initiation phase; [5, 48] ). This is followed by recruitment and activation of additional actin assembly factors, including the Arp2/3 complex, to reinforce actin polymerization against an increasingly strained plasma membrane (figure 1b, reinforcement phase; [5, [48] [49] [50] [51] ). Intriguingly, we have also demonstrated that RhoA activity precedes Rac1 and Cdc42 activities during membrane protrusion [46] . Collectively, we now envision that RhoA activates mDia1 during the initiation phase of membrane protrusion, and Rac1/Cdc42 activities enhance polymerization in later phases by activating and recruiting the Arp2/3 complex and other actin assembly factors [5, 46, 49] . Importantly, none of these insights could have been gained by merely perturbation-based approaches. For example, microinjection or expression of dominant negative Rac1 abrogates lamellipodia formation and in many cases protrusion [52, 53] , showing that Rac1 is an essential activator of pathways that promote assembly of the F-actin network. However, beside concerns of long-term side-effects induced by global inactivation of a signal as central as Rac1, these experiments do not reveal that Rac1 functions only during later phases of the protrusion event. While acute perturbation by, for example, optogenetic activation of Rac1 may eliminate some of these concerns, this experiment still cannot uncover the bona fide role of Rac1 in the protrusion cycle. Forced Rac1 activation does induce (note: uncontrolled) membrane protrusion and ruffling, but this merely shows that hyperactivation of the Arp2/3 complex downstream of Rac1 signalling can be sufficient for protrusion generation. However, with this approach only, the function of Rac1 in the unperturbed and unstimulated protrusion cycle, namely as an enforcer of the Arp2/3 complex-dependent actin assembly pathway in response to the earlier activation of Arp2/3-independent pathways, remains inaccessible.
Genetic perturbations, i.e. knockdown and knockout of genes, besides being global and thus potentially affecting multiple functions, also bear the risk of gene regulatory compensation. To get a sense of the meaning of a phenotype, it would be necessary to monitor the expression changes of every other gene implicated in the same and potentially neighbouring pathways [54, 55] . This is not feasible in routine experiments; and even if it were, the interpretation of the significance of any observed expression shifts related to the phenotypic outcome of an experiment would be a daunting task. Indeed, many of the functions assigned to the Arp2/3 complex, for example, have emerged from knockdown and knockout approaches. Quite a few of the studies have generated conflicting results, as discussed by Swaney & Li [56] . While Swaney & Li propose differences in genetic background between cell lines, molecular perturbation methodology, the targeted Arp2/3 complex subunit or experimental conditions as possible reasons for the discrepancies, we surmise here that cells may have adopted divergent compensation mechanisms over the course of genetic manipulation, which usually takes longer than 24 h. It would be very interesting to reproduce some of these controversial data and map out the differences in expression of all other ABPs in the system. Notably, loss of the Arp2/3 complex unambiguously has confirmed the importance of the protein complex in lamellipodia formation, but when and how the complex contributes to lamellipodia formation, and especially its mechanoresponsiveness during lamellipodial dynamics, cannot be unveiled by simply removing the complex from the cells.
The following two sections highlight the emerging complexity of F-actin growth regulation and outline an agenda for a perturbation-free analysis to study the molecular interplay of ABPs to deduce their hierarchy in a complex network.
Emerging complexity at filament barbed ends
Elongation of actin filaments in a cell is tightly controlled by an array of barbed-end-binding proteins that either inhibit or promote the addition of G-actin to the barbed end [31] . It has been estimated that essentially all barbed ends (99.0-99.8%) of the lamellipodial network are capped (i.e. inhibited for G-actin addition and thus elongation) by CPs [11, 14, 24, 57, 58] . The binding of CPs is extremely tight with a dissociation rate constant of 2.7 Â 10 24 s 21 (with an equilibrium dissociation constant K d of 0.1 nM) [59, 60] . The high rates of barbed-end capping may be counterintuitive at first sight since capping terminates filament growth. However, capping a significant portion of filaments may raise the availability of actin monomers for rapid elongation of a select number of uncapped filaments, or enhance Arp2/3 complexmediated nucleation through a 'monomer funnelling' or 'monomer gating' model [14, 24, 57, [61] [62] [63] . Regardless of which model is at work, the active regulation of barbed-end dynamics by CPs in combination with actin nucleators allows a cell to steer and reorganize its actin network more tightly in response to mechano-chemical cues, rather than merely relying on uninhibited polymerization from uncapped barbed ends. Hence, CPs are essential factors for regulating directed cell protrusion and migration [36, 58, [63] [64] [65] [66] [67] [68] [69] [70] . Capping proteins are also in competition with a host of factors that bind to the barbed ends of actin filaments [31] . [76, 77] ]. Ena/VASP binds to uncapped filaments to accelerate actin incorporation to the barbed end for rapid filament extension (up to threefold increase [72] ). In addition, Ena/VASP may exhibit anti-capping activities [63, 78, 79] . The actin nucleator and processive elongator formins directly compete for barbed ends by entering into a ternary complex composed of barbedend actin, formin and CP [73, 80] . When formins outcompete CPs (about 30-40% success rate) [73] , they accelerate F-actin elongation up to 10-fold [74, 75, 81, 82] . The WH2 repeat protein Spire on its own inhibits filament elongation, but may cooperate with the formin FMN2 to enhance filament elongation [77] .
The protein landscape at the F-actin barbed end is becoming even more complex, as free profilin was recently shown to bind barbed ends in vitro, and with some validation in vivo [83] [84] [85] (albeit at three orders of magnitude lower affinity compared to G-actin (K d ¼ 20 mM versus 0.1 mM, respectively)). Noteworthy, profilin has been shown to inhibit Arp2/3 complex-dependent nucleation and branching both in vitro and in vivo [86, 87] . This inhibition may actually occur at F-actin barbed ends, given the recent re-demonstration that rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20170110 the Arp2/3 complex nucleates new branches from the barbed ends with 10 times higher frequency than from the F-actin sides [83] . Thus, an overall scheme where profilin competes with and coordinates the function of barbed-end regulators, including the Arp2/3 complex, formins and elongation factors in vivo may be plausible (figure 2) [20, 83, 84, 88] .
An agenda to the quantitative analysis of barbed-end dynamics
With so many proteins competing for actin barbed ends, the recruitment of barbed-end-binding proteins should be tightly controlled to maintain and properly rearrange the actin network. While some data on the hierarchy and interplay between barbed-end-binding proteins is available for single filaments in vitro (figure 2), we have limited knowledge about the precise fate of capped, elongating or de novo nucleated filaments in the lamellipodia in vivo. For example, do formin-nucleated linear filaments recruit and serve as new templates for Arp2/3 complex-nucleation sites [47] ? Does the Arp2/3 complex truly operate in an auto-catalytic fashion [20] ? Does the Arp2/3 complex compete with formins for the barbed end, or does the Arp2/3 complex prefer side-branching in this case [83] ? Does free profilin cooperate with and enhance the anti-capping activity of Ena/VASP and formins in vivo [73, 84, 89] ? If the Arp2/3 complex uses the barbed ends of formin-nucleated (mother) filaments as templates, do formins remain bound to those filaments to maintain elongation? What is the fate of Arp2/3-nucleated branches? Are particular formins or elongation factors recruited to facilitate elongation of the mother, daughter or both filaments? Alternatively, will the filaments elongate passively, or become rapidly capped? How does the interaction of a barbed-end protein affect the global distribution of other ABPs within the lamellipodium? What feedback mechanisms are at play? Are those feedbacks mechanical [90, 91] ? These questions will not easily be answered by perturbation approaches, long term or short term. We believe that the dynamic protein kinetic landscape at F-actin barbed ends in the lamellipodium is a prime example of a molecular system requiring fluctuation analysis in an unperturbed or minimally perturbed state. Expression of ABPs (even at low levels) may affect the steady-state concentration of actin and impact the global distribution of other ABPs and their respective actin networks [6, 11, 12] . Additionally, a change in the G/F-actin ratio has been linked with activation of the SRF/MAL transcriptional program. Overexpression and downregulation of ABPs may thus also trigger the SRF/MAL response, which drastically changes the intracellular environment and behaviour [92, 93] . Likewise, compensatory expression of formins including FMN1, FMNL1 and INF1 upon depletion of mDia2 has been reported [94] . Thus, to faithfully study the functional hierarchy of ABPs acting on the barbed ends, we need to not only avoid knockdown or overexpression studies, but analysis of dynamic fluctuations in its native system per se must avoid perturbation associated, for example, with the expression of fluorescent markers of the target proteins. Therefore, truly perturbation-free studies will have to build on recent advances in genome editing to label the endogenous protein and control for potential functional shifts associated with the labelling [95, 96] .
After establishing a robust kinetic model in an intact cellular system, we can validate the model using acute, local, and reversible perturbation by, for example, increasing or decreasing CP activity through optogenetic trapping of myotrophin and CP interaction motif-containing proteins, or capping protein CAPZB, respectively [31, 57, [97] [98] [99] .
Limitations of fluctuation analysis
Although conceptually attractive and ultimately required to study complex molecular process, perturbation-free image fluctuation analysis brings significant hurdles, making it a far from standard experimental approach. A major caveat is the need for direct observation of every system component to be included in the model. This means that all key players in a pathway system must be known. Usually, these players are identified in screens using genetic or molecular perturbations. Thus, image fluctuation analysis is not replacing perturbation strategies, but will always be only a complement to define with higher precision the function of key players. Second, as discussed above, to achieve truly minimally invasive experimental conditions, the tagging of target proteins for direct observation must be accomplished at endogenous expression levels and without affecting the function of the target. Moreover, if the parameters relevant to the system behaviour are related to target protein activity rather than concentration, the tagging must rely on activity biosensors. Both the tagging itself and the development of adequate activity probes entail laborious procedures, making image fluctuation analysis definitely not a high-throughput approach. Third, to deduce the hierarchical linkages between system components from spontaneous image fluctuations, it requires (i) sophisticated statistical approaches, and (ii) sufficient repeats of movies that record the system under experimentally similar conditions. On the one hand this enables data pooling, and on the other hand reduces the risk of sampling bias. Meeting this criterion can again be very laborious. Nevertheless, we strongly believe that for a system like F-actin barbed-end regulation, where nearly all molecular players are known, yet their interactions likely are dominated by a high level of redundancy and nonlinearity, a perturbation-free fluctuation analysis will break through major barriers in the current understanding of the system that are caused in large part by the limitations of perturbation-based analysis.
Conclusion and perspectives
A wealth of new information and insight is expected to come from the application of fluctuation analysis in highly redundant actin network dynamics. The forthcoming information will aid to better understand thermodynamic properties of ABPs at the level of the entire system. Here, we limited our focus on known ABPs that bind the barbed ends. However, CPs and ADF/ cofilin family proteins were recently also shown to cooperate to depolymerize severed filaments, and indirectly contribute to F-actin polymerization through treadmilling of actin [26, 37, 41, 61] . Thus, future analysis can be expanded to other ABPs that function in other actin networks, including but not limited to the lamella [51] , and which do not directly interact with the barbed end, such as: F-actin side-binding proteins (e.g. ADF/cofilin, tropomyosins [28, 40, 100] ), F-actin motor proteins (myosins [101, 102] ), WH2 repeat proteins [103] and actin crosslinkers (e.g. fascin, a-actinin [104, 105] ). Once again, our proposed approach will permit the determination of functional interactions of these indirect effectors in the assembly of actin into diverse networks. Such analyses will be instrumental to understand how distinct actin networks are organized and maintained by activation of different ABPs, how their assembly and disassembly dynamics crosstalk, and how their partially overlapping (or distinct) functions are balanced in the context of different cellular functions. 
